We present a comprehensive study of Z CVn, an RR Lyrae star that shows long-term cyclic variations of its pulsation period. A possible explanation suggested from the shape of the O−C diagram is the light travel-time effect, which we thoroughly examine. We used original photometric and spectroscopic measurements and investigated the period evolution using available maximum times spanning more than one century. If the binary hypothesis is valid, Z CVn orbits around a black hole with minimal mass of 56.5 M ⊙ on a very wide (P orbit = 78.3 years) and eccentric orbit (e = 0.63). We discuss the probability of a formation of a black hole-RR Lyrae pair and, although we found it possible, there is no observational evidence of the black hole in the direction to Z CVn. However, the main objection against the binary hypothesis is the comparison of the systemic radial velocity curve model and spectroscopic observations that clearly show that Z CVn cannot be bound in such a binary. Therefore, the variations of pulsation period are likely intrinsic to the star. This finding represents a discovery/confirmation of a new type of cyclic period changes in RR Lyrae stars. By the analysis of our photometric data, we found that the Blazhko modulation with period of 22.931 d is strongly dominant in amplitude. The strength of the phase modulation varies and is currently almost undetectable. We also estimated photometric physical parameters of Z CVn and investigated their variations during the Blazhko cycle using the Inverse Baade-Wesselink method.
without any additional assumptions (He lminiak et al. 2009; Kiefer et al. 2016) .
Many pulsating stars of various types have been identified in binary systems (see, for example, the lists by Szabados 2003; Soydugan et al. 2006; Zhou 2010) . However, stars of RR Lyrae (RRL) type seem to be an exception. Apart from TU UMa, which is quite probably in binary with low-mass companion (Wade et al. 1999; Liška et al. 2016b ) 1 , not a single classical RRL has been unambiguously confirmed to reside in a binary system so far. There are only several tens known RRL binary candidates (see the online version of the list by Liška et al. 2016a; ) 2 out of more than one hundred thousands of catalogued RRL stars (field RRLs plus RRLs from the LMC, SMC and Galactic bulge, Watson et al. 2006; Soszyński et al. 2014 Soszyński et al. , 2016 . This is in clear contrast with stars of other types.
The vast majority of these candidates were detected indirectly by analysing cyclic variations of the pulsation period caused by hypothetical orbital motion around center of mass together with an unseen companion -the well known Light Travel-Time Effect (LTTE, Irwin 1952; Sterken 2005) . In the case of RRLs this method is the most promising because of their physical properties and evolutionary history. If the companion is of lower luminosity, mass or size, it would be hardly detectable via eclipses, radial-velocity (RV) measurements, or colour peculiarity (see the discussion in Skarka et al. 2016 ). It could be naturally expected that only wide systems with very long orbital periods (typically more than hundred of days) can be detected via LTTE because the changes in time delays are proportional to the size of the orbit. Tight systems with small orbital semi-major axis will cause only very small variations of the pulsation period of RRL that would be hardly detectable.
However, the wide systems identifiable using LTTE are the most important and interesting because the large separation secures that the RRL component is not affected by the mass transfer, which allows us to investigate a classical RRL that does not differ from an RRL star that evolved separately as an isolated single star. Evolution of stars in short-period semi-detached or contact systems can also produce stars that behave like a classical RRLs (the so called Binary Evolution Pulsators -BEPs, Pietrzyński et al. 2012; Smolec et al. 2013 ), but has different physical origin and characteristics. Karczmarek et al. (2017) showed that BEPs, that could contaminate about 0.8 % of genuine RRL stars, occur only among binaries with orbital periods shorter than about 2000 d. The vast majority of the recently discovered candidates (Hajdu et al. 2015; Liška et al. 2016a ) have proposed orbital periods significantly longer than this limit (years to decades) suggesting that classical RRLs could be present in these candidate systems.
This is also the case of Z CVn (=GSC 03023-00942; J2000 α = 12 h 49 m 45 s .4, δ = +43 • 46 ′ 25 ′′ .1), which is the subject of this paper. Z CVn is an RRab type star discovered by Ceraski (1911) . Besides the long-term cyclic period variations identified by Firmanyuk (1982) and Le Borgne et al. (2007) , Z CVn shows significant short-period light curve 1 Unambiguous spectroscopic confirmation is still missing even in TU UMa. 2 http://rrlyrbincan.physics.muni.cz/ modulation (the so-called Blazhko effect, Blažko 1907 ) with a period of about 22.75 d (Kanyó 1966) . The phenomenon in this star is even more interesting since the modulation period was reported to change with opposite sign to changes in the pulsation period (Le Borgne et al. 2012 ). We performed extensive photometric (sect. 2) and spectroscopic monitoring (sect. 3) of Z CVn during four and two seasons, respectively. We utilized available maximum times from the literature and also collected available data from various sky surveys to get as many maximum times as possible for the investigation of cyclic long-term period changes during the past century (sect. 4). In this section we also model the possible binary orbit. In sect. 5 we investigate the period variations on shorter time scales and investigate the Blazhko behaviour. The basic physical characteristics and their variations during the Blazhko cycle are investigated in sect. 6. Thorough discussion about the binarity is given in sect. 7. We summarize the results in sect. 8.
PHOTOMETRIC OBSERVATIONS AND MAXIMUM TIMES
Z CVn was observed in the frame of the Czech RR Lyrae stars observing project (Skarka et al. 2013 (Skarka et al. , 2015a ) during 2012-2015 at a private observatory in Znojmo, Czech Republic (see the data distribution in the top panel of Fig. 1 ). Multicolour BV R c I c 120s exposures were gathered using an 8-inch Schmidt-Cassegrain telescope equipped with G2-0402 CCD camera (768×512 KAF-0402ME chip). Observations from Znojmo were complemented in 2015 with data gathered at the Observatory and Planetarium Brno (14-inch SchmidtCassegrain telescope equipped with G4-16000 CCD camera, KAF-16803 chip, 5 nights). In total, about 2400 points in each filter were collected during 53 nights spanning almost 1150 days 3 (for more details see Table 1 with the journal of observations). Each observation was reduced in a classical way using dark and flat field frames. We used C-Munipack software 4 for the data reduction and for aperture photometry. USNO-B1.0 1339-0234455 and USNO-B1.0 1338-0234449 served as comparison and check stars (see Table 2 ). Relative accuracy of a photometric point was between 0.009 and 0.07 mag depending on used filter and observing conditions. The data were transformed to standard Johnson-Cousins system applying transformation coefficients determined on the basis of observation of Landolt (1992) fields in each season. Standard BV ri magnitudes of the comparison stars were adopted from the UCAC4 catalogue (Zacharias et al. 2013) . JohnsonCousins R c and I c magnitudes were calculated from r and i Sloan magnitudes using equations from Jordi et al. (2006) . Based on our photometric data, we estimated the light elements as
These values were used for construction of the pulsationphase curves shown in Fig. 1 . The zero epoch from the eq. 1, which was chosen as the best defined among the maxima with the highest amplitude, was also used as the basic zero phase for blazhko-phased curves. For more details about the period investigation, methods and software used see sect. 4 and 5. From the well-covered maximum phases present in our V dataset we determined 18 maximum times using polynomial fitting method described in Skarka et al. (2015b) . Moreover, we got three additional maximum times (in 2013 in Strömgren y and in 2016 in V ) with different telescopes with unknown calibration coefficients 5 . New maximum times were complemented with maximum times from the GEOS RR Lyr database 6 (version July 19, 2016 , Boninsegna et al. 2002 Le Borgne et al. 2007 ). We also searched the literature for maximum times not listed in the GEOS database, and determined new ones from various sky surveys. This gave us 19 values from Prager (1939) , 1 value from Blažko (1926) , 1 value from Strelkova (1964) , and 7 values from Lampe (1970) , 6 determined from SuperWASP survey (Pollacco et al. 2006; Butters et al. 2010) , 6 from the NSVS (ROTSE) data (Woźniak et al. 2004) , 11 from the DASCH project (e.g. Grindlay et al. 2009) .
Maximum times from sources with sparse data (NSVS, DASCH) were calculated as the mean maximum time from 30 points using template fitting method described in Liška et al. (2016b) . We omitted data with high uncertainty and took into account various length of exposures of the photographic plates in case of the DASCH data (for details see Liška et al. 2016b) . From the GEOS database we omitted maximum times marked as 'pr. com.', a few other values with unfindable source, and apparent outliers. All in all we used 227 maximum times (155 from GEOS database), out from which 57 were photographic, 53 visual+unknown origin (51+2) 7 , 14 photoelectric, 103 CCD+DSLR (101+2).
Although our sample covers more than 120 years 8 and contains a lot of maximum times, it cannot be considered as complete. For example, we did not succeed in finding original maximum times that Firmanyuk (1982) used to plot O−C in his fig. 4 . All maximum times that we used are available on-line as a supporting material to this paper and at the CDS.
SPECTROSCOPY AND RADIAL VELOCITY
Z CVn was spectroscopically observed in 2015 and 2016 as one of the primary targets of the observing project focused on binarity among RR Lyrae stars announced by Guggenberger et al. (2016) . Observations were carried out at McDonald Observatory, Texas using f /13.5 Cassegrain focus of the 2.1-m Otto Struve telescope. Spectra were gathered with the Sandiford Echelle Spectrometer (McCarthy et al. 1993) . We have continuous spectral coverage over the observed range of 4250-4750Å with resolving power of R ∼ 55 000. Integration time was 1690 seconds for all observations (3 % of the pulsation period). Th-Ar spectra were taken for wavelength calibration after each stellar spectrum, and before the telescope was moved. The signal to noise ratios per resolution element are between 10 and 33, depending on the brightness of the star and the sky conditions.
We used standard IRAF 9 routines for data reduction. Radial velocity standard stars were observed several times during the course of each night from the Geneva list of CORAVEL standard stars 10 . The radial velocities were determined by cross-correlating the standard star spectra with the Z CVn spectra using the IRAF task fxcor. Only metal lines were used in the cross-correlation, as the hydrogen lines are known to have a phase offset and different velocity amplitudes compared to metal lines (Sanford 1949; Oke et al. 1962; Sesar 2012) . Eleven RVs estimated from our observations are given in Table 3 .
Besides our measurements we searched for the RVs in literature. The first RV measurement comes from Joy (1938) . Unfortunately, his value was published without observing date. Other RV comes from Preston (1959, no time of observation given) who detected changes in spectral type during pulsation cycle as A8-F5 (Hγ-line) and A3-A7 (Ca II K-line). Furthermore we found only three sources of RV measurements -2 RVs from Abt (1973) , 4 RVs from Hawley & Barnes (1985) , and 2 RVs from Layden (1993 Layden ( , 1994 11 . All used RV values are listed in Table 3 .
Radial-velocity datasets from Abt (1973 Abt ( , observed in 1921 Abt ( and 1925 were published without individual uncertainties, but Layden (1994) assign the measurements taken Layden (1993 Layden ( , 1994 is within 30 km/s. Our measurements are of an order of magnitude better precision than these measurements (typically about 2 km/s). The problem of using historical measurements is that the RVs were estimated on the basis of different spectral lines that form in different layers of the stellar atmosphere. Thus, the combination of historical measurements could be tricky. Abt (1973) does not provide information about used lines, Layden (1993 Layden ( , 1994 used Hβ and Hγ Balmer lines and Ca II K-line, while Hawley & Barnes (1985) and we used only metallic lines. To unify the heterogeneous RVs estimations and determine the correct systemic RV we used the RV templates from Sesar (2012) , who provides normalised RV curves for Hα, Hβ , Hγ and metals.
We followed the approach described in Liška et al. (2016b) . First we modelled the template from metallic lines adopted from Sesar (2012) with high-order harmonic polynomial and compared them with the four observational data sets ( Table 3 ) that were time-shifted according to cyclic period changes (subtraction of the model of the LTTE, sect. 4.1). Individual systemic RV shifts (γ velocity) for each data set (Table 4) were estimated using non-linear least-squares method. Uncertainties were determined statistically using bootstrap-resampling method.
LONG-TERM PERIOD EVOLUTION
Already Blažko (1922) noticed from his 25 maximum times determined between 1912 and 1917 that the pulsation period of Z CVn varies. Four years later, Blažko (1926) published the light elements that included quadratic term indicating slow lengthening of the pulsation period. Firmanyuk (1980a Firmanyuk ( ,b, 1982 was the first who showed that Z CVn undergoes strong cyclic period variations with period of about 60 years and amplitude of the O−C of about 0.6 d. Similar cyclic pattern as the one shown in Firmanyuk (1982) also shows the O−C diagram in Le Borgne et al. (2007, fig. 4 ).
The O−C diagram constructed from our set of maximum times also suggests that the pulsation period could be cyclically unstable with period of about 80 years (the main panel of Fig. 2 ). The amplitude of the period oscillations is huge and almost exceeds the length of the pulsation cycle. Such strong variations are not common among RR Lyrae type stars, but also not unique (see e.g. Firmanyuk 1982 ). However, our understanding of period changes in RRLs is still poor and such strong and possibly cyclic behaviour is difficult to explain.
The stellar evolution and pulsation theory suggest that RRLs should slowly change their pulsation periods during evolution through the instability strip simply because of slow change of their radius according to the period-mean density law P √ ρ ∼ const (Ritter 1879) . This smooth secular period changes, which can go in both directions (period shortens when the star evolves blueward, while it lengthens when the star evolves towards the red edge of the instability strip), are commonly observed in globular clusters (e.g. ω Cen, IC4499, M5, M3, Jurcsik et al. 2001; Kunder et al. 2011; Szeidl et al. 2011; Jurcsik et al. 2012a , just to mention some recent studies), but also in field stars (e.g. Le Borgne et al. 2007 ). However, significant portion of stars investigated in these studies show erratic abrupt changes (in the Galactic field it is e.g. XZ Cyg or RR Gem, LaCluyzé et al. 2004; Sódor et al. 2007 ) and/or rates of period changes that are an order of magnitude larger than evolutionary effects could explain (Iben & Rood 1970) . This means that there must be some additional effects that act in RRL stars that could cause complex period evolution on a significantly shorter than evolutionary time scales. It was found that Blazhko stars show complex/irregular O−C s with large amplitudes more often than stars with stable light curve, thus, suggesting that Blazhko effect and rapid irregular period changes could have a common origin (Jurcsik et al. 2012a; Szeidl et al. 2011) . Sweigart & Renzini (1979) suggested that the discrete mixing events near the boundary of semiconvective zone of an RRL star could be responsible for the positive, negative, but also irregular period changes. Also Firmanyuk (1982) supposed that cyclic period variations could rise from changes of the internal structure of a star, but without any further details. However, Arellano Ferro et al. (2016) found that, at least for some stars in M5, the irregular O−C variations could be caused by improper counting of the cycles and that it must not be a real feature of a star.
An alternative explanation of the short-time scale sudden variations of the pulsation period comes from Cox (1998) who suggests that the period changes could be caused by small changes in a helium composition gradient below the hydrogen and helium convection zones. He proposes that the time scales of the variations could correspond to the time scale of an occasional dredge up of helium caused by convective overshooting (∼days).
Another explanation, at this time relying to the origin of the cyclic period variations, counts with the hydromagnetic effects that take place periodically -analogue to the solar magnetic cycle (Stothers 1980) . Change in the magnetic energy content during the cycle should result in a change of stars radius that will further affect the pulsation period. This effect was offered as a possible explanation of the cyclic O−C variations of BE Dor by Derekas et al. (2004) . However, as they already noted, this explanation faces significant troubles since it seems that RRLs do not have strong surface magnetic fields (Chadid et al. 2004 ).
The LTTE
Because none of the proposed hypotheses was supported by observations, the most promising explanation of smooth, regular and (possibly repetitive O−C variations of Z CVn is the binary scenario that could be modelled with LTTE. Among RRLs the LTTE has been very rarely reported so far and is proposed only in a few dozens of candidates (Hajdu et al. 2015; Liška et al. 2016a; .
We used the methods and codes thoroughly described in Liška et al. (2016b) to model the O−C variations and get parameters of suggested binary based on LTTE. During the fitting process the best model is found using non-linear least squares method and uncertainties of the final parameters are estimated statistically via bootstrap resampling (5 000 repetitions of the calculation with re-sampled datasets). The final model is shown with the full black line in the left panel of Fig. 2 and pulsation and orbital parameters resulting from the fit are listed in Table 5 . Note that the mean pulsation period during the assumed 80-year cycle is significantly different (of about 10 −4 d) from the actual period in eq. 1. This demonstrates well how dramatic the variation is.
Because the uncertainties of the maximum times are often missing, unreliable or unrealistic, we assign photographic:visual+unknown:photoelectric:CCD+DSLR (shown with different symbols in the main panel of Fig. 2 ) with weights 1:7.7:14.2:50.4 that are based on the uncertainties of particular type of maxima that were estimated on the basis of scatter in the residual O−C (0.067:0.024:0.018:0.009 d). These errors are probably slightly larger than the real uncertainties because of additional scatter that could be present due to the Blazhko effect, which causes (small) variations in the O−C amplitude (Sect. 5).
The large amplitude of the O−C dependence, which provides information about the size of the orbit (A LTTE = 0.3113 d; a 1 sin i/c = 69.7 au), in combination with a relatively short LTTE period (P orbit = 28 590 d) suggest that the system must be very special with an exotic companion. If the binary hypothesis is correct, our model (Table 5) implies that Z CVn orbits around a massive black hole (BH) with a minimal mass of M 2,min ∼ 57 M ⊙ at a very eccentric orbit with e ∼ 0.63.
Alternatively, the O−C dependence could be comparatively well described with Fourier series (one frequency and its harmonics) with P = 78 years. The dashed red line in the left panel of Fig. 2 shows the fit with two harmonics.) 12 Residuals after removing the main trend shown in the righthand panels of Fig. 2 are still quite large and show similar dependence in both cases suggesting some additional quasiperiodic long cycle. Naturally, the more harmonics are used, the lower the residuals. It is very difficult to decide whether the shape of residuals has real origin, or is simply produced by the inappropriate models. In addition, residuals of the LTTE model after HJD 2453000 (populated mainly with high-quality CCD measurements) differ from the residuals before this date. This is also very suspicious and gives rise to doubts about the relevance of the O−C models. The binary hypothesis is thoroughly discussed in Sect. 7.
SHORT-TERM PERIOD EVOLUTION AND THE BLAZHKO EFFECT
The amplitude and phase/frequency modulation of the light curve of Z CVn is known since the study by Blažko (1922) . From all panels of Fig. 1 it is apparent, that the modulation is quite strong and dominates in amplitude which exceeds almost 0.3 mag in V . Because our data are single-site and show strong seasonal pattern (the top left panel of Fig. 1 ), the frequency spectra are strongly dominated by daily and yearly aliases (see the spectral window shown in the top panel of Fig. 3 ). Period04 (Lenz & Breger 2005) was used for consecutive prewhitening and proper identification of the significant peaks with S/N > 3.5 13 . We analysed the data in all pass-12 The error of this period is comparable with the value itself. 13 The S/N is calculated as the ration between the amplitude of the peak and average amplitude of the frequency spectra in the ±1 c/d interval around the peak.
bands separately with permanent visual supervision at all steps, which was necessary to prevent confusion with aliases. As expected, we identified the basic pulsation frequency f 0 and its harmonics to the 10th order in V and R c (see Table  B1 with the full frequency solution in all four filters). In addition, close equidistant peaks near the pulsation harmonics k f 0 ± f BL , k f 0 − f M were identified (red arrows in the middle panels of Fig. 3 ). Such peaks are assumed to be the products of modulation with frequency that is equal to the spacing between pulsation harmonic and side-peak Szeidl et al. 2011) . No peak corresponding directly to the modulation frequency, which is usually present in the frequency spectra of high-quality data of Blazhko stars, was detected. Because this peak relates to the change of the mean magnitude (Szeidl et al. 2011) , the mean magnitude varies by less than 0.006 mag, which is the significance limit in the region where the assumed peak should be situated.
When the list with significant peaks was available, we used the LCfit routine (Sódor 2012) and modelled the light changes using
where A i and ϕ i is the amplitude and phase of the i-th component with frequency f i , T 0 is the zero epoch from eq. 1, and N is the number of the relevant detected peaks. Because the frequencies are not independent, we adjusted only f 0 , f 0 − f BL and f 0 − f M , the other frequencies were calculated from these three independent frequencies. The values of frequencies and corresponding pulsation and modulation frequencies slightly differ for each passband (within 2σ ). Because there is no systematics from short-to long-wavelength filters and different period in different filters is also physically impossible, we assume that the differences result from different quality and point distribu- Table 5 . Pulsation and orbital parameters for the binary hypothesis * . Notes. ( * ) Columns contain following parameters: P puls -main pulsation period, M 0 -zero epoch of pulsations, P orbit -orbital period, T 0 -time of periastron passage, e -numerical eccentricity, ω -argument of periastron, A -a 1 sin i in light days (semi-amplitude of LiTE A LTTE can be calculated as A LTTE = A 1 − e 2 cos 2 ω), a 1 sin i -projection of semi-major axis of primary component (RRL) a 1 according to the inclination of the orbit i, f (M) -mass function, M 2,min -the lowest mass of the second component, the value was calculated for inclination angle i = 90 • and adopted mass of primary M 1 = 0.6 M⊙, K 1 -semi-amplitude of RV changes primary component, χ 2 R -normalised value of χ 2 , where χ 2 R = χ 2 /(Nmax − g) for number of used maxima times Nmax and number of free (fitted) parameters g (LTTE, g = 7), Nmax -number of used maximum times. tion in different filters. Thus, we calculated the periods as the average values from the BVR c I c data sets. The resulting pulsation, Blazhko and second modulation periods are P puls = 0.6539498(3) d, P BL = 22.931(4) d and P M = 1100(20) d. The long P M could be an artefact of the secular period change, because it is comparable with the time span of the data and corresponding side peaks always appear on the low-frequency side of the pulsation harmonics.
The structure of the side-peak multiplets is apparent from the echelle graph in Fig. 4 . The highest side peak has amplitude ten times lower than f 0 and the lowest signifi- cant peak has amplitude of about 0.004 mag. It is apparent that the closer peak corresponding to the longer modulation/secular period change was detected only on the lefthand side of k f 0 . The amplitudes of the Blazhko side peaks are almost equal at all orders 14 , but at some k f 0 the peak to the right has larger amplitude, while at other k f 0 the peak to the left is higher. Because the amplitude of the peaks can be influenced by the sampling and gaps in the data (Jurcsik et al. 2005) we assume that the effect of slightly different amplitude ration of the side peaks is caused by the data characteristics.
The modulation is well detectable also in the variation of the maximum brightness from our observations (P BL = 22.932(7) d, the bottom right-hand panel of Fig. 5 ). This P BL agrees perfectly with the value that we got from the spacing of the side-peaks in the Fourier spectra of the time series. On the other hand, no significant periodicity close to P BL with amplitude larger than about 0.005 d is detectable in CCD O−C s since 2012. It is directly apparent from the amplitude of the residuals after HJD 2450000 in the LTTE residuals in the left panel of Fig. 2 , and also from the top left panel of However, based on light-curve fitting in different Blazhko phases we detected phase variations of the basic pulsation frequency peak that correspond to O−C variations with amplitude 0.01 d (see Sect. 6.1 and the second top plot in the left panel of Fig. 7 ). Possible explanation is that maximum time takes into account only data points around light maximum, thus it has larger uncertainty than a Fourier phase that relies on the data from the full pulsation cycle.
A very weak period modulation during Blazhko cycle is in contrast to Le Borgne et al. (2012) who clearly detected also phase modulation with the peak-to-peak amplitude of 0.021 d and period P BL = 22.98 d in their TAROT observations (see their fig. 7 ). They found that in Kanyó (1966) At the time of our observations (after JD 2456000) the pulsation period roughly exceeds the period in the Kanyó's time, but the Blazhko period is longer than was around JD 2439000 and the amplitude of the O−C is so low that the modulation in period is undetectable. It is likely that the variation of the Blazhko period somehow follows the variation of the pulsation period, but since we have only three estimates (at Kanyós, Leborgne's and our times) we cannot say much about their correlation. If the O−C is periodic, it would be interesting to investigate the relation of the pulsation and modulation periods after the pulsation period starts to lengthen (after about 2462000). It is also interesting to point out that the P BL /P Puls ratio oscillates around 35 and the actual value is very close to this value (P BL /P Puls ∼ 35.065).
PHYSICAL CHARACTERISTICS
Unfortunately, our low S/N spectroscopy does not allow us to estimate the atmospheric parameters directly from comparison with theoretical spectrum. In addition, the spectra change during the Blazhko cycle and we have only very sparse observations. However, there is another simple way to get information about the basic physical parameters from photometry.
Because the light curve characteristics necessarily reflect the physical conditions inside the star, it is possible to estimate them just by investigation of the shape of the light curve. This approach employing phase-independent Fourier parameters (Simon & Lee 1981) was applied many times and many calibrations were defined (e.g. Jurcsik & Kovács 1996; Jurcsik 1998; Kovács & Walker 2001; Nemec et al. 2013) . We estimated the parameters in ten different Blazhko phases (Fig. 6 , Tab. A1), as the global value using the mean light curve shown in the top right-hand panel of Fig. 1 , and using Blazhko-free light curve 15 after the modulation was subtracted. The averaged parameters over the Blazhko cycle are within the errors the same as the parameters coming from the global mean light curve (compare values for 'Average' and 'Mean LC' rows in Tab. A1), which confirms the already known finding by Jurcsik et al. (2009c) . However, we prefer values based on modulation-free light curve because such light curve gives metalicity almost identical to the spectroscopic one (-1.92 in Zinn & West (1984) scale vs. -1.98 estimated by Layden (1994) ). The details about the procedure and used empirical calibrations can be found in Appendix, sect. A.
Inverse Photometric Baade-Wesselink Analysis
The inverse photometric Baade-Wesselink method (IPM -Sódor et al. (2009) ) was developed to derive global mean physical parameters of RRab stars from multi-colour photometry, without spectroscopic RV measurements, as well as changes of these parameters during the pulsation and the modulation cycles. The method was successfully applied to several Blazhko stars before (Jurcsik et al. 2009b,a; Sódor 2009; Sódor et al. 2011; Jurcsik et al. 2012b; Sódor et al. 2012) to determine the variations in pulsationphase-averaged mean radius, log g, M V , luminosity and effective temperature. During the present study, we employed the IPM on Z CVn. We followed the methodology detailed e.g. in Jurcsik et al. (2009a) . As a first step, we attempted to determine the Blazhko-phase-independent constant parameters, mass (M), distance (d) and absolute visual magnitude (M V ). For this reason, we run the IPM on the Blazhko-free light curve of Z CVn with four different settings (see details in (Table 6 ) for Z CVn. Unfortunately, when all unknown parameters were free during the fitting process, the method resulted in implausible high M, d and M V values (about 1.1 -1.4 M ⊙ , 2300 -2600 pc and 0.0 -−0.25 mag, respectively). Therefore, we fixed the mass to the value from Table 6 . We also fixed the distance at 1760 pc, A V = 0.05 mag and E(B −V ) = 0.015 mag was taken into account when running the IPM. When the modulation-free values were determined, we proceeded with the analysis of the different Blazhko phases. To attain sufficient pulsation-light-curve coverage, we divided the data to 10 overlapping Blazhko-phase-bins, extending the bins by ±0.075 Blazhko phase towards both directions, that is, each bin had a width of 0.25 in modulation phase. Even though 4 equal-length non-overlapping bins would be completely independent and sufficient to resolve the variations with the Blazhko modulation, we chose to show the results for 10 overlapping bins to easier follow the character of the physical-parameter changes. The results, as the functions of Blazhko phase, are shown in Fig. 7 along with photometric variations derived directly form the light curve, without the need of the IPM (see details in Jurcsik et al. 2009a) .
The left-hand column of Fig. 7 shows the parameters directly derived from the multi-colour light curves, from top to bottom: the V amplitude modulation in f 0 ; a rather weak but detectable phase modulation of f 0 ; variations in magnitude and intensity averaged mean V brightness; variations in different magnitude and intensity averaged B − V colours; and the same in V − I (all averages correspond to pulsation-phase). These diagrams reveal a very weak phase modulation corresponding to ≈ 0.01 d variations in O − C. The same result was obtained from the Fourier model of the light curve in Sect. 2. We also can observe from Fig. 7 that only the intensity-averaged magnitudes and their differences show variations with the modulation. Namely, that Z CVn is the brightest in V and the warmest at high-amplitude Blazhko phase. This is a general property of all the Blazhko stars with similar detailed analyses (see the previous IPM results listed at the beginning of this section).
The right-hand panels of Fig. 7 show the results obtained by the IPM, from top to bottom: mean radius, mean log g, magnitude and intensity-averaged mean M V , mean luminosity and mean effective surface temperature (all averages correspond to pulsation-phase). Since the distance is obviously Blazhko-phase independent, M V variations directly follow from V variations in the right-hand column. Apart from M V , only the luminosity show clear variations with Blazhko phase, and similarly to all previously investigated Blazhko stars, Z CVn is the most luminous at highamplitude Blazhko phase. The other parameters do not show significant variations with modulation phase compared to their uncertainty, which is estimated from the spread of the data points obtained with four different IPM settings. Temperature variation is not evident, but the data hints a marginally higher temperature at high-amplitude Blazhko phase in accordance with the colour variations shown in the two bottom right-hand panels.
Comparing Fig. 7 with fig. 11 in Jurcsik et al. (2012b) , we find remarkable agreement between the modulation behaviour of Z CVn and RZ Lyrae. Each parameter changes -or remains constant -very similarly. The only difference is that the changes of Z CVn are roughly half of those of RZ Lyr in each parameter. Z CVn is similarly metal poor as RZ Lyr, but its pulsation period is much longer than that of RZ Lyr (0.654 d vs. 0.511 d).
The IPM results slightly differ from the results based on the empirical calibrations (see Tab. 6). For example, the difference in M V is only 0.057 mag, which does not exceed 2 sigma. The most probable explanation of this discrepancy is that parameters calculated from empirical formulae with relatively large uncertainties were used as input parameters of the IPM. In addition, IPM works directly with the light curves in different passbands, thus any uncertainty in colours brings additional imprecision. Table 6 . The mean physical parameters of Z CVn. BL-free in the first column means light-curve fit after the modulation was subtracted, and IPM means inverse photometric method. The errors of IPM values come from four different settings (see details in Sódor et al. 2009) and are certainly underestimated. 
DISCUSSION OF THE BINARY HYPOTHESIS
Several RRL binary candidates are proposed to have companions with masses in a black-hole range (Derekas et al. 2004; Liška et al. 2016a; Sódor et al. 2017) , although all the respective authors considered this possibility with strong scepticism. However, the minimal mass of Z CVn companion calculated from our LTTE model (57 M ⊙ ) seems to be very unlike or unrealistic even in comparison with the other candidates. Before the detection of the gravitational waves produced by the coalescence of two black holes, the highest observed mass of a BH was about 15 M ⊙ (member of Xray binary M33 X-7,Özel et al. 2010). Abbott et al. (2016) showed that the event GW150914 detected by the Laser Interferometric Gravitational-Wave Observatory (LIGO) was a product of merging of two BH with masses of 36 and 29 M ⊙ . This is a clear evidence that also 'heavy' stellar BHs must exist and that there must be a way to produce such massive BHs. Theoretical studies by Spera et al. (2015) and Belczynski et al. (2016) showed that at low metallicity (Z < 1/30 Z ⊙ ) the mass loss in very massive stars with mass larger than 25 M ⊙ is strongly reduced giving enough space to form BHs with masses in the order of tens of solar masses. In addition, if strong magnetic field is present, the mass loss driven by the strong stellar wind is even more effectively reduced, thus, further increasing the chance to form 'heavy' BHs (Petit et al. 2017 ). These studies show that progenitors with sufficient mass that could form a BH with 57 M ⊙ are theoretically possible. Because the metallicity of the companion is assumed the same as for Z CVn (Z ∼ 0.0003, see sect. 6), creation of heavy BH cannot be rejected.
The question now is whether we can detect the BH companion of Z CVn. If there were sufficient amount of material falling onto the BH, it would produce detectable high-energy radiation. There are three possible sources of matter in the hypothetical Z CVn-BH system. If the system were close enough, the RRL component could feed the BH via classical mass transfer through the inner Lagrangian point -a process well known in cataclysmic variables. But this is certainly not our case since the system is very wide. The remaining two sources of material, the stellar wind from RRL and the surrounding interstellar matter (ISM), can sum up and let the BH radiate via spherical, so called Bondi-Hoyle-Littleton (BHL) accretion (Hoyle & Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952) .
It is generally assumed that RRLs loose mass during the evolution on the horizontal branch, but the rate of the mass loss is unknown. Koopmann et al. (1994) estimated the maximal mass-loss rate that would not have significant effects on the horizontal branch morphology as 10 −9 M ⊙ /year. If this was the case, the BH would be orders of magnitude brighter than the RRL itself. However, we do not know the true massloss rate, speed of the stellar wind particles, and we do not know the speed of sound in the out-flowing material, which is defined by the density and temperature of the material. Speed of sound (v s ) and relative speed of the BH and the ambient material v r are the crucial quantities when calculating the rate of the accretion becauseṀ ∼ (v 2 s + v 2 r ) −3/2 . Thus the luminosity of the BH could be several orders of magnitude larger, but also several orders of magnitude lower than the luminosity of Z CVn.
The problem is the same with pure ISM accretion. We do not know exactly what is the density of the ISM, its temperature and whether Z CVn moves through the ISM or co-rotates with it around the Galactic center (v r = 0). If we assume the density n = 0.02 cm −3 ( fig. 1 in Cox 2005 , for Z = 1.8 kpc (Maintz & de Boer 2005) ) the resulting luminosity ranges from 10 −5 to 10 4 L ⊙ depending on the temperature (10 4 -10 5 K) and v r = 0 or v r = 178 km/s (calculated from the galactocentric velocities, Maintz & de Boer 2005) . Obviously, the accretion rate cannot be calculated properly. In any case, in the direction to Z CVn no X-ray or gamma ray source has been identified, thus the confirmation of the presence of BH fails anyway.
If the star exploded as a supernovae one can search for the envelope ejected during the explosion. This idea also faces serious problems. Very massive stars (> 40 M ⊙ ) probably collapse directly to BH without exploding as supernovae (Fryer 1999) . Even if the star exploded, it necessarily had to occur very shortly after formation of the system, i.e. billions of years ago. Since lifetime of the supernovae remnants is certainly less than this time, there is no chance to detect it at present days. Therefore, the chance to detect the supernova remnant is extremely low, even impossible.
We can also investigate the probability that an RRL star is bound with a 57-M ⊙ BH in wide system. Using the Salpeter (1955) 
we can estimate the ratio of the number of stars with > 60 M ⊙ (BH progenitor) and number of RRL progenitors with ∼ 1 solar mass. This ratio is ξ (BH)/ξ (RRL) ∼ 6.6 · 10 −5 , thus one 60-M ⊙ star may exist for each ∼15 000 1-Solar mass stars. Not all stars are bound in binary systems. In case of RRLs it is probably less than 4 % (Hajdu et al. 2015) . With this estimate the ratio is 1:375 000. At this point, the situation could look optimistic, because almost 100 000 RRL stars have been identified so far, which gives good chance to detect a system with 60-solar mass BH. However, independent and unambiguous confirmation of such system would be very difficult. We have to point out here that among 30 recently identified RRL binary candidates (see the online list by ) with orbital periods larger than 2 000 d, four systems are suspected to have a companion with mass in the BH range.
All the above discussion is only very uncertain, but we have strong evidence why to reject the RRL-BH hypothesis. From the model of the proposed orbit (parameters are in Table 5 ) we calculated the systemic RV curve and compared it with the RV values determined from the available measurements (Table 4) . The result is shown in Fig. 8 . Obviously, the observations do not match the theoretical RV curve at all. Our measurements from 2015-2016 should be shifted of about 50 km/s against the older measurements to fit the model. Also RV observations from Hawley & Barnes (1985) and Layden (1993 Layden ( , 1994 should have different values to fit the model.
We can safely declare that these shifts cannot be caused by the differences in usage of metallic/hydrogen lines in case when it was ambiguous (Abt 1973; Layden 1993 Layden , 1994 because this difference could be maximally about 5 km/s (estimated from different RV templates by Sesar 2012) . The other source of systematic errors could be the presence of the Blazhko effect. According to our new observations that were obtained in different Blazhko phases, the scatter in RVs due to the Blazhko effect cannot be more than about 10 km/s. Therefore, the proposed binary hypothesis can be safely rejected, because even if we assume the highest possible systematic errors, the observations cannot fulfil the model expectations.
The same is seen from the Fig. 9 , where the RV observations are plotted against time-corrected phase (LTTE subtracted). After the RV observations are corrected for the orbital motion (the right-hand panel), the scatter should de- Binary Model Abt (1973) Hawley & Barnes (1985) Layden (1993, 1994) This Study Figure 8 . Synthetic γ-velocity curve (the solid black line) with the systemic velocities from Table 4 . No offset corresponding to the velocity of binary centre-of-mass is added. Corrected Phase Abt (1973 ) Hawley&Barnes (1985 Layden (1993, 1994) This Study Figure 9 . RV-observations folded with the pulsation period that was corrected from the LTTE using our O−C model. When also the model of the γ-velocity is removed, the points should stitch together. The opposite is observed (the right-hand panel).
crease. The opposite is seen from that figure. These two facts are strong evidences that the binary hypothesis is false and that the presumed cyclic long-term period variation is not caused by the LTTE, but by some different physical process that is intrinsic to the star. In fact, our results are consistent with a single star of 0 km/s centre-of-mass RV.
SUMMARY AND CONCLUSIONS
We present a comprehensive study of the period evolution of Z CVn and its light curve using original photometric and spectroscopic measurements, as well as observations from literature. The star was observed in 53 nights photometrically (four seasons) and in 6 night spectroscopically (two seasons). We caught 18 maximum times and additional 209 were taken from the literature and from the GEOS database creating a set of 227 maximum times (Tab. ??) covering more than one century. The shape of the general trend in the O−C diagram suggests that LTTE could be present. The detailed model of the period variations with the assumption of LTTE (Table  5) shows that the companion should be a BH with a mass of about M 2,min ∼ 57 M ⊙ . Although such RRL-BH config-uration is theoretically possible, we do not have any clear evidence that this is the case of Z CVn. There is also no observational evidence of the BH (X-ray radiation) in the direction to Z CVn.
However, the rejection of the binary hypothesis was firmly confirmed by the spectroscopic measurements, which do not match the theoretical γ velocity at all. A further test with time-corrected phases and RV observations confirms this finding too. Thus, our analysis gives firm proofs that possibly cyclic variations of the pulsation period of Z CVn cannot be explained as LTTE caused by an unseen companion. This finding has large impact on the other known binary candidates with similar periods and period-variationamplitudes, because it shows that there may be some unknown mechanism that causes large-amplitude period variations. Already Firmanyuk (1982) pointed out that such variations are probably not a result of LTTE. Perhaps some analogue to the Blazhko effect could be present, but with much longer modulation period. We do not have any physical explanation for such long period variations and formerly proposed scenarios for the long-term period variations are also unlikely (Sect. 4).
On the basis of our photometric observations we estimated the basic pulsation period, but also detected the Blazhko effect with period of 22.391 d. This period was clearly detected in maximum brightness variation. Peaks suggesting additional modulation with period comparable with the length of the data set were also detected, but they could only be artefacts of the secular period change. We found that the modulation is almost exclusively in amplitude (with amplitude of about 0.3 mag) with period/phase modulation less than 0.01 d. This is in contrast with previous studies, when also period/phase modulation was detectable (Kanyó 1966; Le Borgne et al. 2012) . Because the pulsation period is comparable with the one from Kanyó (1966) , but the period/phase modulation is undetectable and the Blazhko period is longer than at Kanyó's time, our study contradicts the anti-correlation between the length of P Puls and P BL proposed by Le Borgne et al. (2012) . However, the fact that P BL continuously changes together with the major period variations means that these two effects might be somehow connected. This is another evidence against the LTTE assumption because possible companion at the orbit with 80 year-long period certainly could not tidally influence the pulsation properties of the RRL component.
Although our spectroscopic measurements are of insufficient quality and coverage for reliable physical parameter determination, we estimated them from the shape of the light curve. The values based on modulation-free light curve are in excellent agreement with formerly determined values in literature (our [Fe/H = −1.64 vs. −1.7 16 , our r = 1760 pc vs. 1770 pc, Layden 1994) . This experience suggests that parameters estimated from modulation-free light curve are of better reliability than those based on the mean-light curve fitting or averaging parameters over the Blazhko cycle.
The star now lengthens its pulsation period and between HJD 2460000 and 2462500 is predicted to reach its maximum (if the period variation is really cyclic). After that it should 16 After recalculating from Layden (1994) to Jurcsik & Kovács (1996) metallicity scale using the formula from (Sandage 2004 ).
shorten again. Monitoring of Z CVn is, therefore, desired and should prove the stability of the long-period cycle in Z CVn. If the long cycle is really intrinsic to the star, new theoretical explanation will be needed to explain not only behaviour of Z CVn, but also of other RRL stars (e.g. some candidates from Liška et al. 2016a; Sódor et al. 2017 ).
P BL = 22.931 d and the zero epoch from eq. 1). Each subset was fitted using eq. 2 with ten pulsation components (harmonics of the inverse mean period from eq. 1) to get the mean light curve during each of the Blazhko phases shown with the full red line in Fig. 6 . The used pulsation-phaseindependent Fourier parameters follow the classical definition by Simon & Lee (1981) and are computed as R i1 = A i /A 1 and φ i1 = φ i − iφ 1 ,
where A i and φ i are amplitudes and phases of particular frequency harmonic. Resulting Fourier parameters for each Blazhko phase can be found in Table A1 together with physical parameters that were computed using empirical formulas taken from the following papers: Metallicity (Jurcsik & Kovács 1996) :
[Fe/H] JK = −5.038 − 5.394P Puls + 1.345φ 31 ,
Luminosity (Jurcsik 1998) :
Absolute magnitude (Catelan & Cortés 2008) :
Extinction-free colour index (Jurcsik 1998) :
Surface gravity (Jurcsik 1998 
Mass (Jurcsik 1998) : Zinn & West (1984) . The relation between these two scales is (Sandage 2004) . We can also estimate the distance to Z CVn. The parameters cannot be calculated in Blazhko phase 0.7 because of poor coverage. Also phase 0.4 is badly sampled and the parameters significantly differ from those in the other Blazhko phases (see Fig. 6 and Table A1 ). Therefore, values coming from these data were omitted when calculating the average values.
The distance was simply calculated using
where M V is the visual absolute magnitude, V is the observed mean magnitude and A V is the interstellar extinction at the center of V filter. Assuming M V = 0.54 mag, V = 11.82 mag, and A V = 0.05 mag (Schlegel et al. 1998; Schlafly & Finkbeiner 2011) , the distance is 1760(120) pc.
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